Endocannabinoids form a novel class of retrograde messengers that modulate short-and long-term synaptic plasticity. Depolarizationinduced suppression of excitation (DSE) and inhibition (DSI) are the best characterized transient forms of endocannabinoid-mediated synaptic modulation. Stimulation protocols consisting of long-lasting voltage steps to the postsynaptic cell are routinely used to evoke DSE-DSI. Little is known, however, about more physiological conditions under which these molecules are released in vitro. Moreover, the occurrence in vivo of such forms of endocannabinoid-mediated modulation is still controversial. Here we show that physiologically relevant patterns of synaptic activity induce a transient suppression of excitatory transmission onto dopamine neurons in vitro. Accordingly, in vivo endocannabinoids depress the increase in firing and bursting activity evoked in dopamine neurons by prefrontal cortex stimulation. This phenomenon is selectively mediated by the endocannabinoid 2-arachidonoyl-glycerol (2-AG), which activates presynaptic cannabinoid type 1 receptors. 2-AG synthesis involves activation of metabotropic glutamate receptors and Ca 2ϩ mobilization from intracellular stores. These findings indicate that dopamine neurons release 2-AG to shape afferent activity and ultimately their own firing pattern. This novel endocannabinoid-mediated self-regulatory role of dopamine neurons may bear relevance in the pathogenesis of neuropsychiatric disorders such as schizophrenia and addiction.
Introduction
Endocannabinoids, released from depolarized neurons, act retrogradely to stimulate cannabinoid type 1 (CB1) receptors located on presynaptic terminals and transiently suppress neurotransmitter release [phenomena termed depolarization-induced suppression of excitation (DSE) and inhibition (DSI)] (for review, see Alger, 2002; Diana and Marty, 2004) . DSE-DSI is the first known and best-characterized model of how the endocannabinoid system functions in the brain; however, massive stimulation protocols are routinely used to induce these phenomena (for review, see Alger, 2002; Diana and Marty, 2004) . Rather long-lasting voltage steps to the postsynaptic cell are difficult to be regarded as physiological, thus leading to the assumption that endocannabinoid release might occur only during periods of intense synaptic stimulation (Maejima et al., 2001) . Nonetheless, endocannabinoids, produced "on demand" (Di Marzo et al., 1994) , are involved in a number of physiological situations spanning from pain perception to cognitive functions (Calignano et al., 1998; Di Marzo et al., 1998; Walker et al., 1999; Lichtman et al., 2002; Lutz, 2002) . Therefore, one of the most important challenges is to determine possible physiological modes of DSE-DSI induction. Hence, studies aimed at establishing the physiological patterns of synaptic activity required to induce endocannabinoid release have just started (Brown et al., 2003; Hampson et al., 2003; Fortin et al., 2004; Galante and Diana, 2004) . Dopamine (DA) neurons of the ventral tegmental area (VTA) play a central role in motivation, reward-related behaviors, and cognition (Schultz, 2002) . Their spontaneous activity is importantly regulated by excitatory inputs (Kalivas, 1993; Overton and Clark, 1997) , the modulation of which appears to be crucial in DA-related functions and disorders (Grace, 1991; Wise, 1996; Schultz, 2002) . Endocannabinoids, released by depolarized VTA DA neurons, transiently suppress these inputs through activation of presynaptic CB1 receptors (DSE) (Melis et al., 2004) . DSE in the VTA is a Ca 2ϩ -dependent phenomenon, enhanced by somatodendritic released DA via activation of postsynaptic D 2 DA receptors; however, DSE in the VTA seems to occur only during prolonged depolarizations, which rarely occur during ongoing physiological activity. Indeed, DA cells fire spontaneously at low rates (0.5-5 Hz) with long-duration action potentials riding on a depolarizing phase (Ͼ2 msec; 3-15 mV) followed by a pronounced afterhyperpolarization (Grace and Bunney, 1983, 1984) . These neurons display a typical firing pattern that is single spiking and/or consisting of bursts of action potentials, the intraburst interspike interval of which is ϳ60 msec (Grace and Bunney, 1984; Grace and Onn, 1989) . Consequently, because endocannabinoids appear to be released by DA cells only on prolonged depolarizations (Ͼ5 sec) (Melis et al., 2004) , it can be speculated that they might only limit the synaptic drive onto VTA DA neurons to prevent their pathological overexcitation.
Despite widespread interest, the potential physiological significance, and the implications for endocannabinoid-mediated phenomena in the VTA, many questions remain unanswered. First, it is not clear whether endocannabinoids are released from VTA DA cells during more physiological circumstances such as during normal ongoing synaptic activity in vitro. Second, it is not known whether an endocannabinoid-mediated signaling occurs under circumstances encountered physiologically in vivo. Third, it is not known which endocannabinoid is released by VTA DA cells under these conditions. Ergo, we investigated whether endocannabinoid-mediated retrograde signal could be produced in the VTA during ongoing synaptic activity both in vitro and in vivo.
Materials and Methods
All experiments were performed in strict accordance with the care and use of animals approved by the American Physiological Society and European Economic Community Council Directive of November 24, 1986 (86/609) . All efforts were made to minimize pain and suffering and reduce the number of animals used.
In vitro recordings
The preparation of VTA slices was as described previously (Johnson and North, 1992) . Briefly, male Sprague Dawley rats (Harlan Italy, San Pietro al Natisone, Italy) (14 -28 d) or CB1 Ϫ/Ϫ and CB1 ϩ/ϩ mice (see below for detailed information) were anesthetized with halothane and killed. A block of tissue containing the midbrain was rapidly dissected and sliced in the horizontal plane (300 and 230 m for rat and mouse slices, respectively) with a Vibratome (Campden Instruments, Lafayette, IN) in icecold low-Ca 2ϩ solution containing (in mM): 126 NaCl, 1.6 KCl, 1.2 NaH 2 PO 4 , 1.2 MgCl 2 , 0.625 CaCl 2 , 18 NaHCO 3 , and 11 glucose. Slices (three per animal) were transferred to a holding chamber with artificial CSF (ACSF) (37°C) saturated with 95% O 2 and 5% CO 2 containing (in mM): 126 NaCl, 1.6 KCl, 1.2 NaH 2 PO 4 , 1.2 MgCl 2 , 2.4 CaCl 2 , 18 NaHCO 3 , and 11 glucose. Slices were allowed to recover for at least 1 hr before being placed, as hemislices, in the recording chamber and superfused with the ACSF (37°C) saturated with 95% O 2 and 5% CO 2 . Cells were visualized with an upright microscope with infrared illumination (Axioskop FS 2 plus; Zeiss, Oberkochen, Germany), and whole-cell voltage-clamp recordings were made by using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA). For BAPTA experiments, EPSC recordings were made with electrodes filled with a solution containing (in mM): 117 Cs methansulfonic acid, 20 HEPES, 15 Cs 4 -BAPTA, 0.4 EGTA, 2.8 NaCl, 5 TEA-Cl, 2.5 Mg 2 ATP, and 0.25 Mg 2 GTP, pH 7.2-7.4, 275-285 mOsm. All other EPSC recordings were made with electrodes filled with a solution containing (in mM): 117 Cs methansulfonic acid, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA-Cl, 2.5 Mg 2 ATP, and 0.25 Mg 2 GTP, pH 7.2-7.4, 275-285 mOsm. Picrotoxin (100 M) was added to the ACSF for recording to block GABA A receptor-mediated IPSCs. Experiments were begun only after series resistance had stabilized (typically 15-40 M⍀). Series and input resistance were monitored continuously on-line with a 5 mV depolarizing step (25 msec). Data were filtered at 2 kHz, digitized at 10 kHz, and collected on-line with acquisition software (pClamp 8.2; Axon Instruments). DA neurons from the anterior VTA were identified by the presence of a large I h current (Johnson and North, 1992 ) that was assayed immediately after break-in, using a series of incremental 10 mV hyperpolarizing steps from a holding potential of Ϫ70 mV. A bipolar stainless steel stimulating electrode (FHC, Bowdoinham, ME) was placed 100 m rostral to the recording electrode and used to stimulate at a frequency of 0.1 Hz. AMPA-mediated EPSCs were recorded at Ϫ70 mV. The amplitudes of AMPA EPSCs were calculated by taking a 1 msec window around the peak of the EPSC and comparing this with the 5 msec window immediately before the stimulation artifact. Paired stimuli were given with an interstimulus interval of 50 msec, and the ratio between the second and first EPSCs was calculated and averaged for a 5 min baseline. The magnitude of suppression of excitation (SE) was measured as percentage of the mean amplitude of consecutive EPSCs after the train (5 Hz, 10 stimuli; acquired between 5 and 15 sec after the end of the train) relative to that of five EPSCs before the train (Melis et al., 2004) . All numerical data are given as mean Ϯ SEM. Each slice received only a single drug exposure. Averaged data from different experiments are presented as mean Ϯ SEM. Statistical significance was assessed using one-or two-way ANOVA for repeated measures followed by either Dunnett's or t test, where appropriate.
In vivo recordings
Animals were anesthetized with urethane (1.5 gm/kg, i.p.), their femoral vein was cannulated for intravenous administration of pharmacological agents, and they were placed in the stereotaxic apparatus (Kopf, Tujunga, CA) with their body temperature maintained at 37 Ϯ 1°C by a heating pad. Thereafter, the scalp was retracted, and one burr hole was drilled above the VTA [anteroposterior (AP), ϩ2.0 mm from ; lateral (L), 0.3-0.6 mm from midline] for the placement of a recording electrode. An additional hole was drilled for the placement of a Formvar-coated stimulating stainless steel bipolar electrode (250 m tip diameter) above the ipsilateral medial prefrontal cortex (PFC) [AP, ϩ3.0 mm from bregma; L, 1.0 mm from the midline; ventral (V), 2.0 mm from the cortical surface] for orthodromic stimulation of VTA DA neurons. Structures were localized according to the stereotaxic atlas of Paxinos and Watson (1997) . Single-unit activity of neurons located in VTA (V, 7.2-8.0 mm from the cortical surface) was recorded extracellularly with glass micropipettes filled with 2% Pontamine sky blue dissolved in 0.5 M sodium acetate (impedance, 2-5 M⍀). Single-unit activity was filtered (bandpass, 500 -5000 Hz), and individual spikes were isolated by means of a window discriminator (Digitimer, Hertfordshire, UK), displayed on a digital storage oscilloscope (TDS 3012; Tektronix, Marlow, UK) , and recorded by a VCR. Experiments were sampled on-line and off-line by a computer connected to CED 1401 interface (Cambridge Electronic Design, Cambridge, UK). Recording electrodes were lowered slowly into the VTA via a micromanipulator (Narishige, Tokyo, Japan). Single units were isolated and identified according to previously published criteria (Guyenet and Aghajanian, 1978; Grace and Bunney, 1983, 1984) . Bursts were defined as the occurrence of two spikes at an interspike interval Ͻ80 msec and terminated when the interspike interval exceeded 160 msec (Grace and Bunney, 1984) . Neurons that responded to PFC stimulation were identified according to previously published criteria (Tong et al., 1996a) . Briefly, two main populations of DA neurons could be identified: neurons that displayed an inhibitory response shortly after the stimulus, followed by an excitation (IE responses), and cells that displayed an excitation usually, but not necessarily, followed by an inhibition (E responses). In this study we selected DA neurons with E responses, because the enhanced spiking probability is time-locked to the stimulus and was previously demonstrated to be dependent on released glutamate (Tong et al., 1996b) . Baseline firing rates were obtained for at least 3 min, and then the stimulator was switched on (0.25-0.5 mA at 1 Hz) and kept on throughout the experimental session. Drugs were administered intravenously at exponentially increasing doses. After each dose, evoked neuronal activity was recorded for a minimum of 4 min before a subsequent administration occurred. Only one cell was recorded per rat. For each neuron, peristimulus time histograms (PSTHs) of spiking activity were generated, and burst analysis was performed using the Spike 2 software (CED, Cambridge, UK), according to criteria published previously by Tong et al. (1996b) .
PSTHs of spiking activity were generated using bins of 50 msec (1 sec sweeps; 20 bins), and neuronal activity was recorded for least 4 min. Stimulus-evoked spiking probability was calculated by dividing the number of spikes in the 3 consecutive bins after the stimulus (150 msec) by the total number of spikes in all 20 bins (1 sec). Burst analysis was also performed on neuronal activity induced by PFC stimulation. For this purpose, PSTHs were compiled (with 100 msec bins; 1 sec sweeps; 10 bins) that combined the burst onset data for all cells in the study. According to previous studies (Tong et al., 1996a,b) , this analysis revealed that a large number of bursts were temporally associated with the occurrence of stimuli. Stimulus-evoked burst probability was calculated by dividing the number of bursts occurring within 3 consecutive bins after the stimulus (300 msec) by the total number of bursts in all 10 bins (1 sec). Drug-induced changes in spike or burst probability were normalized to the pre-drug baseline levels.
At the end of each recording section, DC current (10 A for 15 min) was passed through the recording electrode to eject Pontamine sky blue, which allowed the identification of the recorded cells. Brains were removed and fixed in 8% formalin solution. The position of the electrodes was microscopically identified on serial sections (60 m) stained with cresyl violet.
Data were always normalized to pre-drug baseline levels and analyzed using one-way ANOVA. Post hoc multiple comparisons were made using the Dunnett's test.
CB1 receptor knock-out mice
CB1 receptor knock-out mice were generated as described previously (Marsicano et al., 2002) . Homozygous mutant mice (CB1 Ϫ/Ϫ ) and wildtype (CB1 ϩ/ϩ ) littermates derived from heterozygous matings were genotyped as described (Marsicano et al., 2002) . In the present study, juvenile mutant male mice aged between 3 and 5 weeks were used. Animals were housed in groups under standard laboratory conditions (12 hr light/dark cycle) with food and water available ad libitum. In all cases, the experimenter was blind to the genotype. In vitro recordings. For extracellular application, drugs were applied in known concentrations to the superfusion medium. For intracellular application, drugs were applied in known concentrations to the internal solution. All the drugs were dissolved in DMSO. The final concentration of DMSO was Ͻ0.01%.
In vivo recordings. WIN and SR were emulsified in 1% Tween 80 and then diluted in saline solution and sonicated. Injection volume was 1 ml/kg body weight.
Results

A brief train elicits endocannabinoid-mediated suppression of excitation in vitro
We first asked whether a brief train of stimuli could induce transient suppression of excitation under physiological conditions in vitro. We recorded from VTA DA cells in rat midbrain slices in a whole-cell clamp configuration at 37°C. Rostral fibers were activated with the following stimulus pattern: 0.1 Hz stimulation preceded and followed a train of 10 stimuli at 5 Hz (Fig. 1 A) . This brief (2 sec) train transiently decreased the amplitude of EPSCs (Fig. 1 A) (EPSC amplitude 61.3 Ϯ 4.3% of baseline; n ϭ 7; p Ͻ 0.0001). This effect was accompanied by an increased pairedpulse ratio (Fig. 1 B) (basal 1.2 Ϯ 0.1 vs SE 2.0 Ϯ 0.2; n ϭ 7; p Ͻ 0.005), indicating a presynaptic locus of action. We next tested the sensitivity of this phenomenon by varying the number of stimuli and their frequency. We first varied the number of stimuli while maintaining the frequency at 5 Hz. The magnitude of suppression of excitation saturated at five pulses (Fig. 1C) (n ϭ 7) . Therefore, we maintained this number of stimuli constant and varied the stimulation frequency. We chose a range of frequencies that mimic the physiological modes of PFC neuronal activation in vivo (Jackson et al., 2001 ), which represents a major excitatory afferent to the VTA (Christie et al., 1985; Kalivas, 1993; Overton and Clark, 1997) . Figure 1C shows the frequency dependence of train-induced suppression of EPSCs (n ϭ 5). The positive correlation between suppression of excitation induced by a depolarizing step (DSE: voltage step to ϩ40 mV, 10 sec) and the brief train (SE) suggested that the underlying mechanism(s) is similar and involves endocannabinoids (Melis et al., 2004) (Fig. 1 D) (r 2 ϭ 0.87; p Ͻ 0.005). We therefore asked whether activation of presynaptic CB1 receptors was responsible for this phenomenon, as we had shown previously for DSE in the VTA (Melis et al., 2004) . Incubating slices with the CB1 receptor antagonist AM281 (500 nM) abolished suppression of excitation induced by the brief train ( Fig. 1 E) (EPSC amplitude 119.7 Ϯ 11.1% of baseline; n ϭ 6; p Ͻ 0.001 vs control). In addition, the synthetic CB1 receptor agonist WIN (1 M), which acutely depresses excitatory transmission onto VTA DA cells (Melis et al., 2004) , occluded suppression of excitation induced by the brief train ( Fig. 1 E) (EPSC amplitude 101.2 Ϯ 3.9% of baseline; n ϭ 5; p Ͻ 0.001 vs control). Although CB1 receptors are so far the only cloned cannabinoid receptor type in the CNS (Matsuda et al., 1990) , increasing evidence suggests the existence of novel cannabinoid receptors, in addition to the cloned G-protein-coupled CB1 and CB2 (Jarai et al., 1999; Di Marzo et al., 2000; Hajos et al., 2001; Hajos and Freund, 2002a,b; Fride et al., 2003) . Therefore, we used CB1 Ϫ/Ϫ mice (Marsicano et al., 2002) to determine whether this endocannabinoidmediated suppression of excitation is indeed mediated by activation of CB1 receptors. Train-induced suppression of excitation was normal in CB1 ϩ/ϩ mice (EPSC amplitude 51.2 Ϯ 2.9% of baseline; n ϭ 5; p Ͻ 0.001) (Fig. 1 E) and comparable with that observed in midbrain slices from juvenile rats (Fig. 1 A) . Conversely, it was totally absent in CB1 Ϫ/Ϫ mice (EPSC amplitude 104.8 Ϯ 8.7% of baseline; n ϭ 5; p Ͻ 0.001 vs CB1 ϩ/ϩ ) ( Fig. 1 E) . These results showed that during ongoing synaptic activity, VTA DA neurons produce endocannabinoids that, diffusing retrogradely, activate solely CB1 receptors located on presynaptic terminals and suppress glutamate release.
Prefrontal stimulation of VTA DA cells elicits endocannabinoid-mediated suppression of excitation in vivo
Thus far, the importance of an endocannabinoid retrograde signal occurring within the range of physiologically in vivo firing patterns has been questioned because no supportive evidence subsists in vivo (Hampson et al., 2003) . Therefore, in an attempt to investigate whether this endocannabinoid-dependent suppression of excitation is a physiologically relevant phenomenon in vivo, we studied the responses of VTA DA neurons to electrical stimulation of the medial PFC. According to previous studies, two main types of responses were observed in DA neurons: bimodal excitatory responses followed by transient inhibition or inhibitory responses followed by excitation (Tong et al., 1996a) . We studied neurons with initial excitatory responses because the enhanced spiking activity is time locked to the stimulus, which is temporally related to release of glutamate in VTA (Tong et al., 1996b) . If endocannabinoids are released under these circumstances, they would dampen PFC-evoked responses. As pre-dicted, the CB1 antagonist SR (1.25-5.0 mg/kg, i.v.) dose-dependently increased firing responses (in 10 of 12 DA neurons) elicited by PFC stimulation (maximum enhancement of stimulus-locked spiking probability: 122.3 Ϯ 9.7% at SR 5.0 mg/kg; n ϭ 10; p Ͻ 0.01) (Fig. 2 A-C) . This augmented excitability was paralleled by an enhanced PFC-induced bursting activity. The probability of inducing stimuluslocked bursts was increased to 209.7 Ϯ 52% of baseline at SR 5.0 mg/kg (n ϭ 6; p Ͻ 0.05) (Fig. 2C) and so was the frequency of spikes within bursts (intraburst frequency, 114.3 Ϯ 5.6% of baseline; n ϭ 6; p Ͻ 0.05) (Fig. 2C) . Conversely, WIN administration (0.125-0.25 mg/kg, i.v.) dose-dependently decreased spiking probability (65.0 Ϯ 7.7% of baseline level at 0.25 mg/kg; n ϭ 6; p Ͻ 0.05) (Fig. 3A-C) , stimulus-locked burst probability (41.6 Ϯ 10.7% of control at 0.25 mg/kg; n ϭ 4; p Ͻ 0.05) (Fig. 3C) , and intraburst frequency (49.1 Ϯ 5.46% at WIN 0.25 mg/kg; n ϭ 4; p Ͻ 0.01) (Fig. 3C) . Importantly, WINinduced effects were fully reversed by SR (2.5 mg/kg, i.v.) (Fig. 3A-C) . We then tested VDM-11, an endocannabinoid transporter inhibitor (Bisogno et al., 2001) . Intravenous administration of VDM-11 (2.0 mg/kg) did not significantly affect stimulus-evoked responses in DA neurons (spiking probability 101.4 Ϯ 6.7% and burst probability 93.6 Ϯ 11.6% of baseline; n ϭ 5; data not shown).
2-Arachidonoyl-glycerol is the retrograde messenger for suppression of excitation
Endocannabinoids are substrates for a putative membrane transporter, the activity of which regulates their life span in the extracellular space as well as their delivery outside the cell membrane (Di Marzo et al., 1994; Beltramo et al., 1997; Piomelli et al., 1999) . Using the recording electrode, we filled the postsynaptic cell with OMDM-2 (5 M), an inhibitor of endocannabinoid transporter (Ortar et al., 2003) , and observed that no depression could be induced after the brief train (Fig.  4 A) (EPSC amplitude 107.3 Ϯ 8.9% of baseline; n ϭ 5; p Ͻ 0.001 vs control). This result implies that suppression of excitation does not occur when endocannabinoid release is disrupted. 2-AG, the most abundant endocannabinoid in tissues (Mechoulam et al., 1995; Sugiura et al., 1995; Stella et al., 1997) , is released from diacylglycerols (DAGs) by a recently cloned sn-1-DAG lipase (Bisogno et al., 2003) . DAGs in turn are produced, among other mechanisms, from the activation of the phosphatidylinositol-specific phospholipase C (PI-PLC) (Stella et al., 1997; Di Marzo et al., 1998). To understand whether, and to what extent of the known endocannabinoids (Di Marzo et al., 1998), 2-AG contributes to suppression of excitation, we filled the postsynaptic cell with THL (500 nM) or bath applied U73122 (5 M), inhibitors of sn-1-DAG lipase and PI-PLC activity, respectively Bisogno et al., 2003) . THL completely prevented the train-induced effect on EPSC amplitude (Fig. 4 A, C) (EPSC amplitude 116.4 Ϯ 7.8% of baseline; n ϭ 7; p Ͻ 0.001 vs control). A similar although not comparable result was obtained when slices were perfused with U73122 (Fig. 4 B, C Train-induced SE increases paired-pulse ratio (n ϭ 7; p Ͻ 0.005). The left graph plots the averaged paired-pulse ratio in a bar graph form, and the right graph plots the paired-pulse ratio for each of the experiments in A before (basal) and 5-15 sec after (SE) the train. C, SE induction depends on number of pulses within the train (n ϭ 7; *p Ͻ 0.05; **p Ͻ 0.01) and on stimulation frequency (n ϭ 5; *p Ͻ 0.05; **p Ͻ 0.01). D, The magnitude of DSE induced by a depolarizing step (voltage step to ϩ40 mV; 10 sec) is plotted as a function of train-evoked SE (n ϭ 6). Data are fit by linear regression with r 2 ϭ 0.87 ( p Ͻ 0.005). E, In the presence of either AM281 (left panel, closed circles; n ϭ 6) or WIN (middle panel, closed circles; n ϭ 5), SE could not be induced. (EPSC amplitude 90.2 Ϯ 5.8% of baseline; n ϭ 7; p Ͻ 0.001 vs control), which per se was ineffective. These results indicate that 2-AG is the retrograde messenger for train-induced suppression of excitation at these synapses. Remarkably, given the significant difference between the effects produced by THL and U73122 (Fig. 4C) ( p Ͻ 0.01), we cannot rule out the possibility that 2-AG synthesis might also occur through an alternative PI-PLCindependent pathway (Bisogno et al., 1999a) .
In the VTA, DSE requires postsynaptic Ca 2ϩ elevation (Melis et al., 2004) . Similarly, the perfusion of BAPTA (15 mM) in the intracellular compartment blocked suppression of excitation after the brief train (Fig. 5A ) (EPSCs amplitude 105.7 Ϯ 11.1% of baseline; n ϭ 7; p Ͻ 0.001 vs control). This observation indicates that this endocannabinoid-mediated suppression of excitation also requires a postsynaptic rise in intracellular Ca 2ϩ . Additionally, filling the postsynaptic cell with thapsigargin (10 M) to inhibit the Ca 2ϩ ATPase and deplete both IP 3 -and ryanodinesensitive intracellular Ca 2ϩ stores prevented train-induced suppression of excitation (Fig. 5A ) (thapsigargin: EPSC amplitude 102.6 Ϯ 3.2% of baseline; n ϭ 7; p Ͻ 0.001 vs control). Next, filling the postsynaptic cell with either ruthenium red or ryanodine to antagonize ryanodine-sensitive receptors blocked traininduced suppression of excitation (ruthenium red: EPSC amplitude 92.1 Ϯ 4.5% of baseline; n ϭ 7; p Ͻ 0.001 vs control; ryanodine: EPSC amplitude 101 Ϯ 4.4% of baseline; n ϭ 7; p Ͻ 0.001 vs control). Conversely, bath application of EGTA (5 mM), a Ca 2ϩ chelator that reduces the concentration of extracellular Ca 2ϩ , did not prevent induction of suppression of excitation ( Fig. 5A ) (EPSC amplitude 69.0 Ϯ 10.3% of baseline; n ϭ 7; p Ͼ 0.05 vs control). These results suggest that Ca 2ϩ mobilization from intracellular stores, rather than entry through voltage-gated Ca 2ϩ channels, plays a more important role in this phenomenon. Which receptor is triggering train-induced suppression of excitation? Glutamate mediates fast excitatory transmission via ionotropic receptors, and slow excitatory-inhibitory actions via metabotropic receptors. Ionotropic and metabotropic glutamate receptors (mGluRs) might trigger endocannabinoid production and cause retrograde signaling at these synapses. Indeed, synaptic activation of ionotropic glutamate and/or group I mGluRs triggers endocannabinoid release in several brain regions Maejima et al., 2001; Varma et al., 2001; Ohno-Shosaku et al., 2002; Robbe et al., 2002; Brown et al., 2003; Chevaleyre and Castillo, 2003; Galante and Diana, 2004) . Perfusion of AP5 (50 M), a competitive NMDA receptor antagonist, did not affect either train-induced suppression of excitation (Fig. 5B) (EPSC amplitude 64.7 Ϯ 5.8% of baseline; n ϭ 7; p Ͼ 0.05 vs control) or basal synaptic transmission (data not shown), suggesting the lack of involvement of these receptors. Because of the limitations of the electrophysiological approach, we were unable to assess the contribution of AMPA receptors to endocannabinoid release. In fact, blocking AMPA receptors with CNQX (10 M) eliminates the EPSCs and makes it impossible to assess any retrograde suppression of excitation (data not shown). Group I mGluRs stimulate PLC activity and release Ca 2ϩ from intracellular stores in many types of neurons, including VTA DA neurons (Morikawa et al., 2003) . Thus, it was reasonable to hypothesize their contribution to suppression of excitation via stimulation of one or both of these signaling pathways. Therefore, we perfused the slices with MCPG (1 mM), a broad-spectrum mGluR antagonist, which dramatically attenuated the effect produced by the train (Fig. 5B ) (EPSC amplitude 83.7 Ϯ 4.3% of baseline; n ϭ 7; p Ͻ 0.002 vs control). Midbrain DA cells express group I mGluRs on their soma and dendrites (Kosinski et al., 1998) . mGluR1 and mGluR5 subtypes belong to group I mGluRs; therefore, to differentiate between these two subtypes, we bath applied CPCCOEt (100 M) and MPEP (10 M), selective mGluR1 and mGluR5 antagonists, respectively. CPCCOEt fully blocked train-induced suppression of excitation (Fig. 5B ) (EPSC amplitude 94.4 Ϯ 7% of baseline; n ϭ 6; p Ͻ 0.001 vs control), whereas MPEP was ineffective (Fig.  5B ) (EPSC amplitude 67.6 Ϯ 6.3% of baseline; n ϭ 6; p Ͼ 0.05 vs control). Together, these results indicate that the mGluR1 subtype triggers endocannabinoid-mediated suppression of excitation. Last, we found previously that DA acts as a potent enhancer of endocannabinoid release from VTA DA cells through activation of D 2 DA receptors (Melis et al., 2004) ; however, application of eticlopride (100 nM), a D 2 DA antagonist, failed to affect traininduced suppression of excitation (Fig. 5B) (EPSC amplitude 71.9 Ϯ 7.3% of baseline; n ϭ 8; p Ͼ 0.1 vs control).
Discussion
The major finding of the present study is that the endocannabinoid system provides a mechanism for a VTA DA cell to shape its own excitatory synaptic inputs both in vitro and in vivo. This "on demand" activation of the endocannabinoid system might represent one of the coinciding events to guarantee a precise physiological regulation of the firing pattern of VTA DA neurons. We found that a brief burst of synaptic activity induces suppression of excitatory transmission onto VTA DA neurons at physiological temperatures in vitro. This observation is in accordance with similar forms of transient inhibition of excitatory synaptic inputs mediated by endocannabinoids in other brain regions (for review, see Alger, 2002; Diana and Marty, 2004) . Importantly, this phenomenon occurs under stimulation conditions resembling the physiological range of PFC neuronal activity during the performance of PFC-dependent cognitive tasks (Jackson et al., 2001) . It is worth mentioning that we cannot identify definitively the sources of excitatory afferents in the slice preparation; however, because the major excitatory input to the VTA comes from the prefrontal cortex (Kalivas, 1993; Overton and Clark, 1997) , we can assume that most of the rostral inputs that are stimulated electrically in our preparation are cortical inputs. Accordingly, activation of CB1 receptors in vivo decreases VTA DA cell spiking and bursting probability evoked by PFC stimulation; however, because of systemic administration of the drugs, we cannot exclude the possibility that the effects are caused by activation of CB1 receptor in other brain regions. Nonetheless, when the in vivo and in vitro results are taken together, they indicate that the endocannabinoid system might operate locally as a device for the DA neurons to switch their firing pattern and activity in response to stimuli.
Modulation of glutamatergic afferents plays an important role in regulating VTA DA neuronal activity (Overton and Clark, 1997) , especially in mediating the switch from pacemaker-like to burst-firing pattern (Gariano and Groves, 1988; Svensson and Tung, 1989; Johnson et al., 1992; Murase et al., 1993; Zhang et al., 1994) . Importantly, burst firing of DA neurons leads to larger and transient extracellular DA concentrations as compared with single spiking (Gonon, 1988) . Indeed, transient and phasic increases of DA levels in the target regions (subcortical and cortical) are associated with increased bursting probability as well as reward- ing and alerting stimuli (Rebec et al., 1997; Robinson et al., 2001; Wightman and Robinson, 2002) . Furthermore, phasic released DA serves distinct physiological and behavioral functions depending on the target area: subcortical DA influences motivation, psychomotor activation, and reward craving, whereas cortical DA has an effect on working memory, stress, and reward anticipation (Jentsch et al., 2000; Wightman and Robinson, 2002) . As a result, the endocannabinoid system, by shaping the VTA DA neuronal pattern of activity and ultimately fine-tuning tonic versus phasic DA transmission, might enable or disrupt, respectively, DA modulation of the information connecting limbic and motor systems. Indeed, the VTA DA neuronal firing pattern has long been implicated in processing information about the rewarding and motivationally relevant properties of external stimuli (White, 1996; Overton and Clark, 1997; Schultz, 1998) . Thus, the finding that VTA DA cells respond to PFC stimulation with an increased spiking and bursting probability, as well as an augmented frequency within the bursts, when the endocannabinoid retrograde signal is disrupted, strongly suggests that this retrograde signal might attribute incentive salience to otherwise irrelevant stimuli and also be involved in altered stress responses (such as those observed in CB1 knock-out mice) (Marsicano et al., 2002; Haller et al., 2004) . Indeed, phasic and transient DA release occurs in response to a new environment (Rebec et al., 1997) and/or stimulus (Robinson et al., 2001) , consistent with the idea that phasic DA serves as an alerting signal, and contributes to associative phases of reward (Wightman and Robinson, 2002) . On the other hand, activation of CB1 receptors after Cannabis use transiently induces cognitive deficits (e.g., impaired attention, altered perception, lack of motivation, and deficits in working memory) (D'Souza et al., 2004) resembling those associated with endogenous psychotic disorders such as schizophrenia. Therefore, we suggest that a functional endocannabinoid system might be the possible candidate for the modulation of those cortical afferents that provide a filter for nonsalient information and are disrupted by long-term Cannabis abuse (Solowij et al., 1991) . Indeed, here we report that the retrograde signal occurring at PFC3 VTA synapses requires a functional endocannabinoid system. Synthesis and release of 2-AG from VTA DA cells and subsequent activation of presynaptic CB1 receptors are essential conditions for the development and occurrence of this suppression of excitation. In fact, both blockade and occlusion of CB1 receptors, with AM281 and WIN, respectively, prevented suppression of excitation, suggesting a common target with the endogenous retrograde signal. In addition, train-induced suppression of excitation is absent in CB1 Ϫ/Ϫ mice, thus providing conclusive evidence for activation of CB1 receptors by endocannabinoids. Furthermore, we showed that this phenomenon was abolished when sn-1-DAG lipase and PI-PLC activity were inhibited. Consequently, 2-AG is the most likely retrograde messenger required for the observed suppression of excitation. 2-AG, as well as anandamide, is a substrate of the putative endocannabinoid transporter (Beltramo et al., 1997; Bisogno et al., 2001) . Blockade of endocannabinoid transporter could result either in augmented half-life of endocannabinoids (Beltramo et al., 1997) or in a reduced extracellular reverse transport when applied extracellularly and intracellularly, respectively (Ronesi et al., 2004) . When applied extracellularly, endocannabinoid transporter blockers such as OMDM-2 and VDM-11 are ineffective (Marinelli and Mercuri, 2004; Ronesi et al., 2004) , thus supporting the hypothesis that reverse transport is necessary for endocannabinoid release; however, caution is emphasized when interpreting these results, because a possible confounding factor might be that both CB1 and vanilloid (VR1) receptors are found on glutamatergic terminals onto DA neurons (Marinelli and Mercuri, 2004) . Consequently, increases in the half-life of endocannabinoids, such as anandamide or N-arachidonyldopamine, which also activate VR1 receptors, are expected to exert opposite actions on glutamate release and might result in an overall lack of measurable effects. In fact, OMDM-2, when applied extracellularly in the absence of either CB1 or VR1 receptor antagonists, has been found to be ineffective on basal excitatory synaptic transmission on DA neurons (Marinelli and Mercuri, 2004) . Accordingly, we found that VDM-11 was without significant effect on stimulusevoked activity of DA neurons. In fact, the actions of this drug could be the result of differential or region-specific effects.
Consistent with previous observations in the VTA (Melis et al., 2004) , endocannabinoid-mediated suppression of excitation depends on rises in postsynaptic Ca 2ϩ . Mobilization of Ca 2ϩ from the intracellular stores, rather than from the extracellular space through voltage-gated Ca 2ϩ channels, is necessary for 2-AG retrograde inhibition. Last, the requirement for activation of mGluR1, but not NMDA or D 2 DA receptors, indicates a need for low-to-moderate glutamatergic activation but not a strong postsynaptic depolarization. Indeed, glutamate activates the majority of mGluRs at submicromolar concentrations, whereas it stimulates ionotropic receptors at higher concentrations (Harata et al., 1996; Schoepp et al., 1999) . Importantly, the observation that CPCCOEt fully blocks train-induced suppression of excitation is in agreement with a mGluR1-mediated effect (Batchelor et al., 1997; Guatteo et al., 1999; Litschig et al., 1999) . In addition, the lack of effect of MPEP indicates that mGluR5 is not involved, which is consistent with the expression of the mGluR1 subtype in DA cells (Testa et al., 1994; Kosinski et al., 1998) . Interestingly, it has been reported that tetanic stimulation of excitatory fibers induces slow mGluR1-mediated excitatory and inhibitory responses (Shen and Johnson, 1997; Fiorillo and Williams, 1998) accompanied by rapid increases in intracellular Ca 2ϩ attributable to mobilization from the intracellular stores (Fiorillo and Williams, 1998; Guatteo et al., 1999; Morikawa et al., 2000) . Thus, it might be speculated that rises in intracellular Ca 2ϩ leading to endocannabinoid synthesis and release might result from activation of intracellular pathways downstream of the activation of mGluR1. The conclusion that mGluR1 activation might trigger endocannabinoid release is in accordance with previous observations at both excitatory and inhibitory synapses in several brain regions (Maejima et al., 2001; Varma et al., 2001; Brown et al., 2003; Chevaleyre and Castillo, 2003; Galante and Diana, 2004) . Indeed, group I mGluRs are positively coupled to PLC, which in turn increases intracellular levels of IP 3 (and consequently Ca 2ϩ levels mediated by intracellular stores) and DAG (which is itself a precursor of 2-AG). Hence, it appears conceivable that mGluR1 activation would preferentially lead to 2-AG production through one or both of these signaling pathways.
Probably because of the fact that 2-AG has been discovered only recently (Mechoulam et al., 1995; Sugiura et al., 1995) and the first isolated endocannabinoid anandamide still remains in the spotlight of the endocannabinoid field of research, very little is known about the physiological role of this monoacylglycerol Ameri and Simmet, 2000; Witting et al., 2004) ; however, 2-AG is the most abundant endocannabinoid in tissues (Mechoulam et al., 1995; Sugiura et al., 1995) , and its concentrations in the mesencephalon are 100 times higher than anandamide (Bisogno et al., 1999b) . In addition, 2-AG acts as a potent and full agonist at CB1 receptors, whereas anandamide is only a partial agonist (Sugiura et al., 1995 (Sugiura et al., , 1999 Stella et al., 1997; Savi-nainen et al., 2001 ). Our conclusion that 2-AG is the retrograde messenger at these synapses supports its involvement in the modulation of excitatory neurotransmission via activation of presynaptic CB1 receptors reported in other brain regions, such as the hippocampus Ameri and Simmet, 2000) .
Because the physiological significance of 2-AG signaling at PFC3 VTA synapses is reflected in the activity of VTA DA cells in response to PFC stimulation, 2-AG might ultimately fine-tune phasic versus tonic DA release in the terminal regions. These considerations highlight how finely the endocannabinoid system might regulate DA modulation of cortical information processing and help explain the correlation between unbalanced endocannabinoid signal and altered DA-dependent processes under conditions of stress, drug abuse, and other psychiatric disorders such as schizophrenia. Thus, further comprehension of the endocannabinoid retrograde signaling in VTA DA neurons might help us understand the pathophysiology of psychiatric disorders such as schizophrenia and addiction that are thought to be associated with abnormalities in both PFC and DA function.
